Background: The present review is part of the ESCMID Study Group for Infections in Compromised Hosts
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Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)-targeted agents: ipilimumab and tremelimumab
Mechanism of action, approved indications and off-label uses
The cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), also known as CD152, was the first immune checkpoint described in human immunobiology [2, 3] . CTLA-4 plays an important role in the regulation of T-cell priming by dendritic cells (DCs) [3] . Upon initial antigen presentation, the T-cell receives two different stimulatory signals coming from the T-cell receptor and from the positive co-stimulatory receptor M A N U S C R I P T
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CD28, which are triggered by interactions with the peptide-MHC complex and the B7 molecules on the surface of DCs, respectively. A few hours after these initial steps, the co-inhibitory receptor CTLA-4 (a member of the immunoglobulin superfamily) is expressed on the surface of T-cells and transmits an inhibitory signal that ultimately downregulates immune responses [3] . Monoclonal antibodies targeted against CTLA-4 prevent such inhibitory function, resulting in enhanced priming (Figure 1) . Ipilimumab, an
IgG1 isotype, and tremelimumab, an IgG2 isotype, are two clinically developed, fully human monoclonal antibodies that bind CTLA-4 with high affinity and block its function.
Ipilimumab (Yervoy ® , Bristol-Myers Squibb) was first approved by the US FDA in 2011 for the treatment of unresectable melanoma. The EMA approval was granted in 2012 for the same indication. In 2015 the FDA also approved ipilimumab in the adjuvant setting following complete surgical resection of melanoma.
In the same year, the combination of ipilimumab with nivolumab, a programmed death (PD)-1 blocking monoclonal antibody, was also approved by the FDA for advanced (unresectable or metastatic) melanoma, whereas EMA approval for this association was obtained in 2016.
Expected impact on the susceptibility to infection
As CTLA-4 blockade promotes T-cell priming, therapy with these agents is not expected to increase susceptibility to infection. There are, however, two scenarios that could potentially predispose ipilimumabtreated patients to such complication. The first scenario is that CTLA-4 blockade induces auto-immune reaction directed against neutrophils [4] . This is, however, a rather rare adverse event. On the other hand, the therapeutic approach to CTLA-4 blockade-induced autoimmune phenomena usually requires the use of immunosuppressive agents. In the latter setting, infectious risks are increased [5] , often due to the reactivation of chronic or latent infections such as hepatitis B virus (HBV), hepatitis C virus (HCV) or latent tuberculosis infection (LTBI), although the extent of such this has not been yet clearly established.
Studies did, however, find an association between CTLA-4-targeted agents and a series of unique immune-related adverse effects (irAEs) emerging from the upregulation of immune response. These toxicities can affect a variety of organ systems including skin (rash), gastrointestinal tract (colitis), pancreas (pancreatitis), liver (hepatitis), endocrine (hypophysitis or thyroiditis), lung (pneumonitis) and kidneys (nephritis) [14, 15] . Treatment of these irAEs typically implies the use of corticosteroids and, in some cases, tumour necrosis factor (TNF)-α-targeted agents [14, [16] [17] [18] ].
An initial report described a case of invasive pulmonary aspergillosis (IPA) in a melanoma patient treated with ipilimumab [5] . Of note, the patient had developed ipilimumab-induced colitis and had previously received infliximab and high-dose corticosteroids. Subsequent cases of Pneumocystis jiroveci pneumonia (PCP) or cytomegalovirus (CMV) hepatitis among ipilimumab-treated patients that had received corticosteroids (with or without infliximab) due to the development of irAEs were also reported [19, 20] .
To date, only one retrospective study has systemically evaluated the risk of infection in patients receiving CTLA-4 blockade as treatment of melanoma [21] . Among 748 patients treated with ipilimumab, alone or in combination with a second immune checkpoint blocking agent, 7.3% developed serious infections, including bacterial pneumonia, intra-abdominal infection, Clostridium difficile-associated diarrhea, IPA, PCP, disseminated herpes zoster (HZ), CMV colitis and Strongyloides stercoralis hyperinfestation syndrome. The major risk factor for infection was the prior use of corticosteroids and/or TNF-α-targeted agents. A higher rate of infection was also noted among patients receiving a combination of ipilimumab with nivolumab as compared to those receiving ipilimumab monotherapy, likely because of the increased occurrence of irAEs further requiring immunosuppression.
Conclusions and suggested prevention strategies
• In view of available data, CTLA-4 blockade with ipilimumab or tremelimumab does not appear to be independently associated with the occurrence of infection, although can lead to a constellation of irAEs that usually requires additional immunosuppressive therapy with corticosteroids and/or TNF-α-targeted agents, thus increasing the risk of infection.
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• Due to the potential requirement of additional immunosuppressive therapy, conventional screening for chronic (latent) infections, including LTBI, HBV or HCV, is advisable before starting treatment with CTLA-4-targeted agents, followed by appropriate prophylaxis or therapy if needed.
• Clinicians caring for patients receiving corticosteroids and/or TNF-α-targeted agents for treatment of CTLA-4 blockade-induced irAEs should maintain close monitoring for the occurrence of symptoms or signs suggestive of infection. A multidisciplinary approach, including oncologists and Infectious Disease specialists, is highly advisable.
Programmed death (PD)-1 and PD-1 ligand 1 (PD-L1)-targeted agents: nivolumab, pembrolizumab and atezolizumab
Mechanism of action, approved indications and off-label uses
PD-1 is a key immune checkpoint that inhibits T-cell activity in peripheral tissues [23] . It is mainly expressed on activated CD4+ and CD8+ T-cells, but also on B-cells, monocytes, natural killer (NK) cells, and DCs [24] . PD-1 can be triggered by two ligands, PD-L1 and PD-L2. Engagement of PD-1 by either ligand results in a profound inhibition of CD8+ T-cell effector functions. PD-L1 can be expressed at the surface of tumor cells and of various cells present in the tumor microenvironment. T-cells infiltrating tumor tissues secrete interferon-γ (INF-γ), which triggers regulatory immunosuppressive loops including PD-L1 expression (Figure 2) . Upregulation of PD-1 expression is, therefore, the reflection of an active T-cell infiltrate, and intensity of PD-L1 staining is associated with the clinical benefit expected in many tumor types such as non-small lung carcinoma [25] and melanoma [26] .
PD-1 or PD-L1 blockade has been granted several approvals in the last years. Pembrolizumab 
Expected impact on the infection risk
Similarly to CTLA-4-targeted agents, it is not expected that the blockade of the PD-1/PD-L1 axis would result in an increased risk of infection since such an approach promotes T-cell effector functions.
Nevertheless, PD-1/PD-L1 blockade-induced autoimmune manifestations (irAEs) may also require additional immunosuppression with corticosteroids and/or TNF-α-targeted agents, as before described for ipilimumab or tremelimumab [21] .
Available clinical data
Pivotal RCTs did not reveal an increased risk of infection for patients receiving PD-1 or PD-L1 blocking agents [27] [28] [29] [30] [31] [32] . However, these studies show an association between this therapy and the occurrence of a wide range of irAEs involving different organ systems [27] [28] [29] [30] [31] [32] [33] . The safety profile of PD-1/PD-L1-targeted agents appears to be more favorable than that of CTLA-4-targeted agents, with a lower proportion of exposed patients developing severe irAEs [26, 34] . However, combination therapy with ipilimumab and a PD-1 blocking agent such as nivolumab is associated with significantly more irAEs than either agent alone [26, 35, 36] . This observation is important since the risk of infection related to PD-1 or PD-L1 blockade seems to be directly linked to the use of immunosuppressive medications for treating irAEs.
A retrospective analysis of melanoma patients treated with immune-checkpoint inhibitors (including 52 patients who received nivolumab alone, 80 who received a combination of nivolumab and ipilimumab, and 83 who received pembrolizumab) revealed 13 episodes of severe infection (cumulative incidence of 6.0%) [21] . These included 2 cases of PCP. The vast majority of these infections occurred among patients who received the combination of nivolumab and ipilimumab. The main risk factor for development of infection was the prior or concurrent receipt of corticosteroids and/or TNF-α-targeted agents for the therapeutic management of irAEs [21] . has been hypothesized in form of acute progression of chronic progressive pulmonary aspergillosis [40] .
On the basis of a multicenter post-marketing registry, the incidence of active tuberculosis among cancer patients receiving PD-1 or PD-L1 blocking agent in France (a low-prevalence country) has been estimated in about 1 case per 1,000 patients [38] .
On the other hand, the enhancement in T-cell effector functions derived from PD-1/PD-L1 (and likely also CTLA-4) blockade may be beneficial for the immune control of certain infections in immunocompromised hosts [41] or during the so-called immunoparalysis phase of the course of sepsis, characterized by an excessive compensatory anti-inflammatory response and T-cell immune exhaustion [42] . There is an anecdotal case of invasive fungal disease (mucormycosis) successfully treated with a single dose of nivolumab and INF-γ [43] , and a phase I RCT aimed at evaluating the safety and tolerability of nivolumab in participants with severe sepsis or septic shock is currently ongoing (ClinicalTrials.gov identifiers:
On the basis of this rationale, it could be hypothesized that the use of immune checkpoint inhibitors (CTLA-4 or PD-1/PD-L1 blocking agents) would not be necessarily detrimental among cancer patients with ongoing viral or fungal infections. However, it should be highlighted that the presence of active infectious processes constituted an exclusion criterion in pivotal RCTs.
Conclusions and suggested prevention strategies
• PD-1 or PD-L1 blocking agents do not appear to independently increase the risk of infection, although can lead to a constellation of irAEs that can require additional immunosuppressive therapy with corticosteroids and/or TNF-α-targeted agents, increasing in turn the risk of infection.
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• Due to the potential requirement of additional immunosuppressive therapy, conventional screening for chronic (latent) infections, including LTBI, HBV or HCV, is advisable before starting treatment with PD-1/PD-L1-targeted agents, followed by appropriate prophylaxis or therapy if needed.
• Clinicians caring for patients receiving corticosteroids and/or TNF-α inhibitors for treatment of PD-1/PD-L1 blockade-induced irAEs should maintain close monitoring for the occurrence of symptoms or signs suggestive of infection. A multidisciplinary approach, including oncologists and Infectious Disease specialists, is highly advisable.
Lymphocyte function-associated antigen 3 (LFA-3)-targeted agents: alefacept
Mechanism of action, approved indication and off-label uses
Alefacept ( range of conditions, such as autoimmunity and transplantation [44] . In 2011, production of alefacept was halted based on business needs, not clinical or safety issues.
Expected impact on the infection risk
Clinical efficacy and duration of treatment response to alefacept in psoriasis correlates with the reduction in peripheral blood CD4+ and CD8+ memory T-cell counts from baseline [45] , whereas the naïve T-cell populations appear to remain unaffected [45] . No cases of sustained T-cell suppression were noted in RCTs [46] .
Available clinical data
In pivotal RCTs, treatment with alefacept was not associated with the occurrence of opportunistic infections [47] . Long-term studies on the safety of alefacept reported a cumulative rate of infection of approximately 3%, most of them respiratory tract infections and cellulitis. There were no cases of tuberculosis, disseminated viral infections or opportunistic infections, or infection-related mortality [46] .
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Conclusions and suggested prevention strategies
• Alefacept is a fusion protein mainly targeting CD4+ and CD8+ effector memory T-cells. However, the induced decrease in CD4+ T-cell counts is transient and does not affect in vitro antigenic response.
• Although alefacept has not been associated with the occurrence of opportunistic infections or tuberculosis, monitoring for peripheral blood CD4+ T-cell counts is recommended.
α4-integrins (and other cell adhesion molecules)-targeted agents: natalizumab, vedolizumab and efalizumab
Mechanism of action, approved indications and off-label uses
Natalizumab (Tysabri ® , Biogen Idec and Elan Corporation) was the first agent available in the selective adhesion molecule inhibitors class. This humanized IgG4 monoclonal antibody is targeted against the α4-integrin chain, which dimerizes with either the β1 chain or the β7 chain to form two different integrins: 
Expected impact on the infection risk
The only impact on infection susceptibility described in patients receiving natalizumab and efalizumab is the development of PML. Several subtypes of mononuclear cells (central memory T-cells, effector memory T-cells and activated monocytes) express α4β1 and α4β7 on their surface, and therefore their migration into the CNS is inhibited by natalizumab [48] . This leads to a decrease in the CD4+/CD8+ T-cell ratio and B-cell and CD138+ plasma cell counts in the cerebrospinal fluid (CSF) [50, 51] and in the number of dendritic cells and CD4+ T-cells in cerebral perivascular spaces [52] , among other effects. Due to its more selective mode of action on the α4β7 integrin, no alterations in the number and distribution of lymphocytes in the CSF have been described with vedolizumab [53] . On the other hand, efalizumab has been shown in vitro to impair peripheral T-cell migration across the BBB, intrathecal lymphocyte restimulation and target cell lysis, overall predisposing to the development of PML [54] .
PML is the result of the infection (and subsequent degeneration) of oligodendrocytes in the white matter due to the John Cunningham (JC) polyomavirus (JCV), a non-enveloped double-stranded DNA virus [55] .
JCV infection is highly prevalent worldwide, although rates vary across countries. The prevalence of infection increases with age, reaching 50-70% in the range of 50-70 years [56] . Primary infection is subclinical and mainly occurs during childhood, being the tonsils the suspected site of entry [57] .
Following primary infection, the virus remains in latency in the kidneys, tonsils, peripheral blood leukocytes (predominantly B-cells) and brain [56, 58] . Viral DNA can be detected in these compartments by highly sensitive PCR techniques, although the expression of viral proteins is absent [56, 59] . While the archetypal form of JCV is the responsible for primary infection and latency, most cases of natalizumabinduced PML are associated with the so-called prototypical form (or PML-type) of the virus, characterized by rearrangements in the noncoding control region (NCCR) of the genome [60] . The ability of natalizumab to induce rearrangements in the NCCR sequences can be explained by the fact that this agent allows asymptomatic reactivation of JCV in plasma and urine in parallel with a decrease in JCV-specific cellular immune responses [61] .
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The clinical presentation of natalizumab-induced PML includes motor weakness, cognitive deficits, dysarthria and ataxia [62] . Cranial magnetic resonance imaging (MRI) typically shows T2-weighted hyperintense lesions in subcortical white matter without gadolinium enhancement [63] . Differential diagnosis should include an acute flare of relapsing-remitting MS itself (usually with complete recovery of neurological deficits after the attack and gadolinium-enhanced lesions with periventricular distribution in the MRI), acute disseminated encephalomyelitis, mitochondrial encephalopathies, or vasculitic disorders with potential brain involvement (such as systemic lupus erythematosus, systemic granulomatosis with polyangiitis [formerly known as Wegener granulomatosis], Behçet syndrome or isolated CNS vasculitis) [64] . The detection of viral DNA in the CSF or brain biopsy is required for the definitive diagnosis [63] .
JCV PCR on CSF has a high sensitivity and even higher specificity, but a negative result does not rule out the diagnosis of PML and testing should be repeated in case of high clinical suspicion. Early discontinuation of natalizumab is the first step in the management of PML [65] , whereas antiviral therapy has not shown clear benefit. Early removal of natalizumab from the bloodstream via plasma exchange or immunoadsorption is also indicated [63, 66] . In an open-label longitudinal study with 12 MS patients, serum natalizumab concentrations were reduced by a mean of 92% from baseline to 1 week after three plasma exchange sessions. Chemokine-induced leukocyte transmigration across the BBB increased in parallel, with no MS relapses or other disease activity [19188571] . However, this approach has been also associated with the subsequent development of IRIS-like phenomena [67] . Focus Diagnostics, Cypress, CA), although usually restricted to reference centers [71] . For JCVseropositive subjects, those with an IgG index ≤1.5 have a lower incidence of PML compared to the overall population of anti-JCV antibody-positive patients [72] . Therefore, it is recommended to test for anti-JCV IgG antibodies before starting treatment in natalizumab-naïve MS patients [72] . The annualized seroconversion rate among JCV-seronegative patients exposed to natalizumab has been estimated in 7.1% [73] . Therefore, testing for anti-JCV antibodies and for IgG index should be repeated every 6 months beyond the first year of treatment among seronegative patients and seropositive patients with a baseline index ≤1.5, respectively [72] . It is also recommended to perform MRI-scanning every 6 months as the risk of PML increases, or even every 3-4 months in patients at high risk of PML choosing to remain on therapy [72] . Previous immunosuppressive treatment double the incidence of PML among natalizumab-exposed patients [70] , an observation likely explained by the higher risk of having latent infection due to the prototype form of JCV at therapy initiation. Finally, the risk increases with the duration of treatment with natalizumab, reaching an incidence of 2 cases per 1,000 treated patients beyond 48 months of therapy. However, although the incidence increases abruptly after 72 months, more information is needed to delineate the risk of PML after prolonged treatment courses [70, 74] . Other biomarkers that are being evaluated to stratify the risk of PML include CD62L and lipid-specific immunoglobulin M bands [75] .
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Unlike natalizumab, vedolizumab does not affect CNS immunosurveillance (since lymphocyte migration across the BBB does not depend on α4β7 integrin) and no cases of vedolizumab-induced PML have been reported to date [76, 77] . Efalizumab increases the risk of PML. Until 2009, four cases had been described within a cohort of 6,000 patients with psoriasis treated with this agent [49] .
No major infections other than PML have been described with the use of natalizumab. Compared to placebo, MS patients receiving natalizumab have a mild increase of herpesvirus infections [78] , although no specific prophylactic measures are usually considered. In a recent pooled analysis of clinical trials and post-marketing cohort studies, vedolizumab-treated patients suffered a moderate increase in the incidence of serious infectious complications (mostly enteric and surgical site infections) compared to placebo (4.3 versus 3.8 events per 100 patient-years) [79] . Although vedolizumab seems to be safe in terms of infection risk, more data is needed to address this issue, especially for long-term treatments.
Conclusions and suggested prevention strategies
• In view of available data, therapy with natalizumab or efalizumab is associated with a major increase in the risk of PML. No cases have been described so far in patients receiving vedolizumab.
• Risk factors for natalizumab-induced PML include pre-treatment JCV serostatus (and anti-JCV IgG antibody index), history of prior immunosuppression, and duration of treatment with natalizumab.
• It is recommended to test for anti-JCV IgG antibodies before starting treatment with natalizumab.
JCV-seronegative patients should be retested every 6 months after the first year of treatment. JCVseropositive patients with and IgG antibody index ≤1.5 should be also retested every 6 months.
• The decision of discontinuing therapy with natalizumab in patients at high-risk of PML (positive anti-JCV serology with an IgG antibody index >1.5 and therapy duration of 48 months or more) is difficult and should be shared by the MS specialist and the patient.
• The new onset of neurological symptoms in natalizumab-treated patients at risk of PML should prompt suspicion of the disease and appropriate diagnostic work-up.
• Treatment of natalizumab-induced PML includes early drug discontinuation and clearance from the bloodstream via plasma exchange or immunoadsorption.
Sphingosine-1-phosphate (S1P) receptor modulators: fingolimod
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Mechanism of action, approved indications and off-label uses
Fingolimod (Gilenya ® , Novartis Pharmaceuticals) was the first oral disease-modifying drug approved for relapsing-remitting MS [80] . Fingolimod acts as an agonist of four out of the five sphingosine-1-phosphate (S1P) receptors (S1PR 1 , S1PR 3 , S1PR 4 and S1PR 5 ) present on the surface of lymphocytes, endothelial cells, oligodendrocytes and NK cells [81, 82] . After binding, the receptor internalizes into the target T-cell and undergoes proteasomal degradation [83] . The phospholipid S1P plays an instrumental role in the release of lymphocytes from secondary lymphoid sites, particularly lymph nodes [84] . By down-regulation of the S1P receptor, oral administration of fingolimod results in an accumulation of lymphocytes in secondary lymph tissues and induces peripheral blood lymphopenia [85] . Although fingolimod can lead to a marked decrease of B-cell and a mild decrease of NK cell counts, the effect on T-cell populations is much more profound [85] .
The trafficking effect of fingolimod is variable and depends on several T-cell attributes. CCR7 is a homing chemokine receptor that modulates lymphocyte migration and leads to T-cell retention within lymph nodes. Tissue CD4+ T-cells lacking CCR7 show diminished migration into afferent lymphatics [84] .
Fingolimod has been found to prevent the egress of T-cells expressing CCR7 (naïve and central memory subsets) from the lymph nodes but to spare CCR7-effector memory T-cells, which are mainly involved in immunosurveillance and that maintain their ability to recirculate between the bloodstream and secondary lymph tissues [86] .
In murine models, a marked decrease in peripheral blood CD4+ and CD8+ T-cell and, to a lesser degree, B-cell counts is noted from the first days after administration of fingolimod. Although there is a concurrent increase in the number of lymphocytes within lymph nodes, the eventual steady state (reached at 21 days of therapy) is associated with overall lymphocyte depletion, inducing a decrease of up to 80% in peripheral blood lymphocyte counts from baseline [85] . As outlined previously, naïve and central memory CD4+ and CD8+ T-cells are the subsets most profoundly affected, while the proportion of effector memory T-cells is concurrently increased [87] . In CSF, fingolimod induces a notable decrease of the percentage of CD4+ T-cells with a reversion in the CD4+/CD8+ T-cell ratio [87] . After treatment discontinuation, fingolimod-induced lymphocytopenia begins to recover within 48 hours and lymphocyte counts normalize in approximately 6 weeks [88] .
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Expected impact on the infection risk
Fingolimod alters the trafficking and distribution of T-cell subpopulations across different body compartments. Although the use of this agent results in sustained lymphocytopenia, the risk of infection in fingolmod-treated patients is not proportional to the peripheral blood counts, and the monitoring for T-cell subpopulations seems to lack clinical utility [89] . This may hypothetically be explained by two reasons:
first, the depletion of peripheral blood lymphocytes is associated with a relative increase in lymphocyte counts within lymphoid tissues; and, second, the number of circulating effector memory T-cells, which provide immunosurveillance against pathogens, remains unaffected.
Fingolimod can impair the adaptive immune responses against novel and recall antigens. In a murine model, high doses of fingolimod impair the generation of lymphocytic choriomeningitis virus-specific CD4+
and CD8+ T-cells [90] . In humans, although an initial study suggested that fingolimod-treated individuals could mount adaptive responses to influenza vaccine antigens comparable to healthy controls [91] , a more recently published placebo-controlled trial demonstrated lower rates of seroconversion with inactivated influenza vaccination or revaccination with tetanus toxoid [92] .
Available clinical data
The most frequent infectious complication in patients receiving fingolimod is herpesvirus infection and reactivation, predominantly due to varicella-zoster (VZV) and herpes simplex virus (HSV) [93] . Treatment with fingolimod reduces the number of circulating VZV-and Epstein-Barr virus (EBV)-specific T-cells and leads to subclinical reactivation in the saliva of around 20% of patients [94] . Although initial trials found similar rates of VZV infection between placebo and treatment (fingolimod 0.5 mg/day or 1.25 mg/day)
arms, a systematic review demonstrated an increased risk of VZV symptomatic infection (mostly in form of uncomplicated cutaneous HZ) among fingolimod-treated patients [78] .
Although VZV and HSV infections are usually mild and limited to the skin or mucosa, severe forms have been also reported, including one case of lethal primary varicella infection, two cases of HSV encephalitis (one of them lethal) [95, 96] , and one case of VZV laryngitis [97] . On the basis of these findings, recommendations have been made to mitigate the risk of herpesvirus infection in patients receiving fingolimod [78] . First, VZV-seronegative patients without a clinical history of primary varicella infection should be vaccinated with one of the licensed live attenuated varicella vaccines before the initiation of M A N U S C R I P T
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18 therapy [78] . Data on the usefulness and safety of zoster vaccination among VZV-seropositive patients in this clinical setting is lacking. The higher content of the Oka strain in the live attenuated zoster vaccine compared to the varicella vaccine (>19,000 versus >1,300 plaque forming units, respectively) raises concerns on the risk of infection due to the vaccine strain [98, 99] . On the other hand, the recombinant subunit vaccine composed of the VZV glycoprotein E and the AS01B adjuvant system (HZ/su) exhibits a more favorable safety profile and has been FDA-approved for adults aged 50 years and older [100] .
Nevertheless, no specific information is available for MS patients treated with fingolimod. Although the HZ/su vaccine poses no risk for vaccine-induced illness, it should be noted that patients under immunosuppressive therapy were excluded from pivotal RCTs [101, 102] . Second, while no antiviral prophylaxis is recommended to prevent VZV reactivation in patients treated with fingolimod alone, antiviral prophylaxis should be considered for patients also requiring repeated high-dose corticosteroids.
Finally, all patients should be educated about early symptoms and signs of VZV and HSV infection and the need to report them promptly [78] .
Apart from herpesvirus infections, other infections typically associated with immunosuppression have been described in patients treated with fingolimod, including primary cutaneous cryptococcosis [103] , cryptococcal meningitis [104, 105] , and visceral leishmaniasis [106] . A young MS patient developed extensive molluscum contagiosum infection (around 150 lesions) [107] , a phenotype that resembles that observed among HIV-infected patients with very low CD4+ T-cell counts.
Given that fingolimod induces a decrease in CSF lymphocyte counts similar to that produced by natalizumab, studies have specifically looked at the risk of progressive multifocal leukoencephalopathy (PML) associated with the use of fingolimod. However, only anecdotal cases of PML have been reported [108, 109] . Although the incidence of PML associated with fingolimod appears to be significantly lower than that associated with natalizumab, such risk should not be underestimated until more epidemiological data is available, particularly among patients receiving long-term therapy.
Conclusions and suggested prevention strategies
• In view of available data, therapy with fingolimod is associated with a mild increase in the risk of infection, mainly due to herpesviruses. Anecdotal cases of other opportunistic infections have been reported.
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• Fingolimod induces profound and sustained, albeit reversible, peripheral blood lymphopenia (mostly affecting naïve and central memory CD4+ and CD8+ T-cell subsets).
• Monitoring for peripheral blood counts of total lymphocytes and CD4+ and CD8+ T-cell subpopulations is not recommended since these parameters do not appear to correlate with the risk of infection.
• No antiviral, antifungal or antibacterial prophylaxis is recommended for patients receiving fingolimod alone. However, prophylaxis with acyclovir or valacyclovir may be considered for patients treated with fingolimod in conjunction with other immunosuppressive agents (i.e., prolonged high-dose corticosteroid therapy).
• Before starting treatment with fingolimod, a prior clinical history of primary varicella infection or varicella vaccination should be obtained. Unvaccinated patients with inconclusive history of primary varicella infection should undergo serologic testing for VZV. VZV-seronegative patients without a prior history of primary varicella infection should receive live attenuated varicella vaccination at least on month before the initiation of fingolimod. The administration of the adjuvanted subunit zoster vaccine (HZ/su) may be considered for VZV-seropositive patients (particularly those aged 50 years and older), although specific information in this clinical setting is lacking.
Proteasome inhibitors: bortezomib, carfilzomib and ixazomib
Mechanism of action, approved indications and off-label uses
Proteasome inhibitors (PIs) are part of the current armamentarium for treating multiple myeloma (MM) and an uncommon form of non-Hodgkin lymphoma (mantle cell lymphoma) [110] . Since the appearance of bortezomib (a first-generation PI), a continuous improvement in disease-free survival in patients with MM has been observed [111, 112] . Second-generation PIs, such as carfilzomib and ixazomib, were introduced with the aim of reducing the bortezomib-associated adverse events (mainly peripheral neuropathy) [113] . Novel PIs (orprozomib, marizomib, delanzomib) are now being tested in the setting of phase I/II trials [114] . PIs act by inhibiting the ubiquitin proteasome pathway, an essential component of the protein degradation pathway. The inhibition of this pathway leads to the induction of apoptosis in cancer cell lines and to a selective T-cell depletion [114] . Second-generation PIs seem to irreversibly bind to the proteasome resulting in a longer inhibition effect as compared to bortezomib, although the clinical relevance of this observation in terms of infection risk has not been established.
Expected impact on the infection risk
Patients with MM are at higher risk of specific infectious complications, such as pneumococcal invasive infection, HZ and influenza [117] . Due to the depletion of T-cells and the subsequent impairment in viral antigen presentation, the use of PIs is associated with a higher risk for reactivation of viral infections, particularly VZV. PIs also impact on the net state of immunosuppression and, therefore, may increase the risk for opportunistic infections when used in combination with other immunosuppressive regimens [118] .
Available clinical data
Data about the safety of bortezomib can be extracted from the results of phase III pivotal trials. The most common infection developed during bortezomib therapy was HZ. The two first phase III trials using bortezomib as rescue (n = 669) or front line therapy (n = 682) for MM showed an increase in the risk of HZ within the bortezomib group from 5% to 13% [111] and from 4% to 13% [112] , respectively. In the first study, the rates of HZ categorized as serious adverse event were 1.5% and 0.9% in the bortezomib and control groups, respectively [111] . Others series have reported an increase in the incidence of HZ from M A N U S C R I P T
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11% in the pre-bortezomib to 22.3% after the introduction of this agent [119] . In view of this preliminary evidence, most centers have adopted the use of prophylaxis with acyclovir or valacyclovir, resulting in a reduction in the incidence of HZ across subsequent trials (including those evaluating the safety of newer PIs such as carfilzomib or ixazomib) [113] . The risk of infection due to other herpesvirus (CMV, HSV) or hepatitis B virus reactivation in patients receiving PIs seems to be very low.
Although pneumonia is common among MM patients recruited in trials with PIs, such agents do not seem to increase the risk of most types of pneumonia beyond that associated with comparator therapies [112] .
For example, in the ENDEAVOR trial, in which 929 patients with relapsed and/or refractory MM were randomized to receive carfilzomib or bortezomib (plus dexamethasone in both arms), the incidence of pneumonia was about 8% [113] . The occurrence of PCP has been occasionally reported in patients receiving bortezomib in conjunction with other immunosuppressive agents, but the overall incidence seems to be very low [118] . The use of PI was not associated with invasive fungal infection in a cohort of 372 patients [120] , although the severity of respiratory virus infection may be increased. In an Australian series, influenza among patients receiving PIs leaded to high hospitalization (66.7%), ICU admission (41.6%) and mortality (33.3%) rates [121] . The few data available on the immunogenicity of seasonal trivalent inactivated influenza vaccine suggest that this strategy is effective in this population. However, no data about the impact of PIs on the immunogenicity of pneumococcal conjugate vaccine is available.
Finally, uncommon opportunistic infections such as nocardiosis or protothecosis have been anecdotally reported in patients under PI therapy [122] .
Conclusions and suggested prevention strategies
• In view of available data, therapy with PIs clearly increases the risk of HZ as compared to non-PI regimens. The occurrence of respiratory tract infections (including pneumonia) is also common among patients with MM, although this susceptibility seems to be influenced to a lesser extent by the use of PIs in the induction regimen. The risk of influenza-related complications seems to be also increased among MM patients receiving PIs.
• Antiviral prophylaxis with acyclovir or valacyclovir is recommended for VZV-seropositive patients during induction therapy with PIs and for at least 4 weeks after its discontinuation.
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• The routine use of anti-Pneumocystis prophylaxis is not recommended, but it may be considered for selected MM patients with additional risk factors (i.e., prolonged high-dose corticosteroid therapy).
• Unvaccinated patients with inconclusive history of primary varicella infection should undergo serologic testing for VZV. VZV-seronegative patients without a prior history of primary varicella infection should receive live attenuated varicella vaccination at least on month before the initiation of
PIs. The administration of the adjuvanted subunit zoster vaccine (HZ/su) may be considered for VZV-seropositive patients (particularly those aged 50 years and older), although specific information in this clinical setting is lacking.
• Seasonal trivalent inactivated influenza vaccination should be administered at least 2 weeks before initiating PIs, and annually thereafter throughout the entire course of therapy.
• Pneumococcal vaccination series (7-valente [PCV7] or 13-valent pneumococcal conjugate vaccine 
